-Introduction
Decisions can be made across supply chains at three hierarchical levels: strategic, tactical and operational referring to long term, mid-term and short-term decisions. Different supply chain functions are embedded at each of these three levels. Ganeshan and Harrison (1995) classify these functions into the four categories of location, production, inventory, and transportation. These four supply chain functions are integral to the optimization of overall supply chain performance. Hence, it becomes imperative to execute each one of them in an optimal manner to ensure an efficient supply chain. For the most part, these four functions have been studied independently of each other leading to globally sub-optimal decisions (Fawcett and Magnan, 2002) .
More recently, an integrated approach to analyze these functions simultaneously and to study their impacts on supply chain performance has been proposed (Erenguc et al., 1999, and Kaur et al., 2006) . Supply chain integration herein refers to the use of a methodology aimed at a more holistic analysis of the supply chain functions that also incorporates the interaction effects between these functions for determining a globally optimal solution.
In measuring a particular supply chain's performance (see, for example, Beamon, 1999 , Gunasekaran et al., 2004 , Hofmann and Reiner, 2006 , Vanteddu et al., 2006 , and the review of supply chain performance metric research by Gunasekaran and Kobu, 2007) , one can apply many different metrics. Some of the more commonly used metrics are profitability, total revenues, costs, return on investments, response times, market share, quality, customer satisfaction, risk minimization, waste reduction, etc. With an integrated approach, it is necessary that the performance metrics chosen are uniform for all partners across the supply chain.
-The need to integrate
It has been noted in the literature that very few attempts have been made at supply chain integration (e.g., Maloni and Benton, 1997, and ReVelle and Laporte, 1996) . Yet, several have cited that supply chain integration is a valuable source of competitive advantage (Vidal and Goetschalckx, 1997, Graves, et al., 1998 , and in detail in chapter thirteen of Chopra and Meindl, 2004 ) in today's increasingly global marketplace. In those few efforts that have attempted supply chain integration, it has generally been a result of instantiation specific, piecemeal improvements, rather than from an overall implementation of globally optimal strategies (Lee, 2002 , Brown et al., 2001 , Gupta, et al., 2002 . Traditionally, the different echelons of the supply chain and also the different decisions have been considered separately for ease of planning purposes. Although this makes them much easier to solve, it does not consider their interrelationships. As the manufacturing environment becomes more dynamic with respect to the ideological changes and technological advancements this isolated decision making approach and the associated individualistic handling of the different business functions will lead to local optimization of, rather than a more global optimization supply chain operations. Disadvantages resulting from nonintegrated supply chains can include: Trevor S. Hale is an Assistant Professor for the College of Business at the University of HoustonDowntown. He received his PhD in industrial engineering from Texas A&M University. • Cost-overruns Management needs to take into consideration the dynamic nature of today's marketplace. This necessitates a more comprehensive (global) view of the activities that constitute the supply chain functions. An important foundational basis for a sound supply chain is the active cooperation between the partners with collaborative planning at each stage. Some of the driving forces behind an integrated approach to supply chain management include:
• Increased cost competitiveness
• Shorter product life cycles
• Faster product development cycles
• Globalization and customization of product offerings
• Higher overall quality Among the more visible benefits of an integrated approach to supply chain management is the optimal control of inventory. As a result of the combined approach proposed herein, the optimization of various functions in a manufacturing environment, such as, location, production, and distribution, inventory can be maintained at more optimum levels leading to lower holding costs, reduction of required warehouse space, reduced material handling activities, and more timely deliveries. Another benefit is the reduction of transaction costs due to higher levels of information sharing and transparency required in an integrated environment. Real-time updates, reduced paperwork due to e-transactions, and reduced execution times, lead to lower transaction costs for each partner in the supply chain. Additional benefits may include the following:
• Function and procedural synergy between participants Collaboration and collective decision making is key for effective planning within a supply chain. A holistic study of the interactions of the various supply chain functions is paramount to optimal supply chain performance. In other words, it is proposed that a simultaneous analytical treatment of this multi-echelon problem will lead to global optimization of the different business functions and, in turn, of the whole supply chain. In light of these observations, this research attempts to address the need for an integrated approach to supply chain management.
The organization of this manuscript is as follows. The next section presents a literature review of the previous work done in the field of supply chain optimization in general, and integrated analysis, in particular. Section three then presents the proposed integrated supply chain optimization model in detail. Section four applies the model to a sample problem and the conclusions and future research directions are delineated in section five.
-Literature review
There is much literature available on supply chain management research. Additionally, numerous studies exist on the aforementioned four supply chain functions of location, production, inventory, and transportation. Furthermore, some new research exists specifically in the area of integrated supply chain optimization. Existing models include a combination of two or more of these areas for integration. This section presents a review of some of the work done to date in these areas.
One of the first steps needed to run an effective supply chain is the strategic positioning of the manufacturing facilities, warehouses, and distribution centers. Canel and Khumawala (1997) provide a review of the literature for the uncapacitated multi-period international facilities location problem (IFLP). They also formulated a mixed-integer programming (MIP) model and solve it using a branch and bound method. The decision variables include the countries in which to locate manufacturing facilities and their production and shipping levels. Computational time was also considered as another performance indicator. Canel and Khumawala (2001) developed a heuristic procedure for solving the MIP model of a similar IFLP. The heuristic procedure presented therein was also tested for computational efficiency. Lei, et al. (2006) considered the production, inventory, and routing problems simultaneously. They employed a two phase approach in an effort to solve an (admittedly) hard problem by first solving a restricted version of the problem.
A number of quantitative models use mixed-integer programming (MIP) to solve supply chain optimization problems. One of the arguably seminal attempts to do so was Geoffrion and Graves (1974) in which a MIP model was formulated for the multi-commodity location problem. Their research involved the determination of distribution center (DC) locations, their capacities, customer zones, and transportation flow patterns for all commodities. A solution to the location portion of the problem was presented, based on Bender's Decomposition (BD). The transportation portion of the problem was then decoupled into a separate classical transportation problem for each commodity. Their approach shows a high degree of effectiveness and advantage of using BD over traditional branch-and-bound. However, the computational requirements and technical resources required for its implementation make it a difficult choice. Cohen and Lee (1988) developed an analytical model to establish a materials requirements policy based on stochastic demand. They presented four different models with a minimum-cost objective function. They then developed a mathematical solution algorithm to obtain optimal ordering policies for cost minimization. Cohen and Lee (1989) developed a deterministic analytical MIP model to maximize the global after-tax profits through optimal policies for facility network design and material flows. The decision variables for the network design issues included location and the capacities of all production facilities whereas those for material management issues included sourcing decisions, production, and distribution planning. The model finds the optimal resource deployment for a particular policy option. It thus showed the robustness of the global manufacturing network which provides the company with increased flexibility in responding to changing scenarios by adjusting the sourcing, production, and distribution plans. Arntzen et al. (1995) developed a Global Supply Chain Model (GSCM) at Digital Equipment Corporation, wherein they developed a MIP that accounted for multiple products, facilities, echelons, time periods, and transportation modes. It is then solved using branch-and-bound enumeration. Kumanan et al. (2007) employed two novel search techniques in an effort to minimize total cost of production and distribution in a supply chain network. Camm et al. (1997) decomposed the supply chain problem at Proctor & Gamble into two sub-problems: a distribution-location problem and a product-sourcing problem. A combination of integer programming, network optimization models, and geographical information system (GIS) was then used to solve this problem. It shows the integration of the sub-models and highlights the importance of a combined approach to supply chain optimization. An ingenious MIP model for a production, transportation, and distribution problem was developed by Pirkul and Jayaraman (1996) to represent a multi-product, tri-echelon, capacitated plant and warehouse location problem. Their model seeks to minimize the sum of fixed costs of operating the plants and warehouses as well as the variable costs of transporting multiple products from the plants to the warehouses and finally to the customers. A solution procedure is provided based on Lagrangian relaxation (LR) to find the lower bound, followed by a heuristic to solve the problem. Fumero and Vercellis (1991) also used LR to solve a MIP model for integrated multi-period optimization of production and logistics operations. Two approaches are presented -integrated and decoupled -and results are compared. The objective in their integrated approach was to minimize the inventory, setup, and logistics costs by employing LR which enables the separation of the production and logistics functions. In their decoupled approach, the production and logistics problems are analyzed and solved separately in two different models. The results from these two approaches are then compared to analyze their performance. Their analysis shows that for problems of greater sizes (number of products, customers, time periods), the integrated approach is preferable. Lagrangian relaxation was also utilized in a study by Min et al. (2004) in which the authors were able to decouple the forward and the reverse supply chain logistics problems. Sabri and Beamon (2000) presented a multi-objective, multi-product, multi-echelon stochastic model that simultaneously addressed strategic and operational planning while taking into consideration the uncertainty in demand, production, and supply lead-times. Chandra and Fisher (1994) compare the computational aspects of solving the production and distribution problems separately and in a combined model. Dasci and Verter (2001) consider the integration of production and distribution functions by proposing an alternative approach based on the use of continuous approximation of costs and demands as opposed to discrete MIP models. Simultaneous, instead of sequential optimization of configuration decisions in production-distribution networks is proposed to avoid sub-optimality. Decision variables in the model are the number and locations of facilities as well as their service regions (i.e., a location-allocation model). Closed form solutions are obtained to minimize the fixed costs of facility location, operations, and the transportation costs. Dhaenens-Flipo and Finke (2001) consider an integrated production-distribution problem in a multi-facility, multi-product, and multi-period environment. The problem is modeled as a network flow problem with an objective to match products with production lines to minimize the related costs. The network has three elements -productions lines, warehouses, and customers -and is initially modeled for a single period and then extended to obtain a multi-period model. The problems are randomly generated and solved using off-the-shelf optimization software. Lodree, Jang, and Klein (2004) consider the integration of customer waiting time with the productiondistribution functions in a supply chain. Optimization policies for models with combinations of production, inventory and transportation costs, along with customer waiting times have been proposed to determine the production rate and the sequence of vehicle shipments. Erenguc, Simpson, and Vakharia (1999) provide a review of the important decision elements in each of the three stages of the supply chain network -supplier, plant, and distribution. The supplier stage analysis deals with issues like supplier selection, number of suppliers, and the volumes of shipments from each of them. A multi-product, multi-stage inventory model is then formulated for the plant stage considering linear inventory holding costs, fixed costs for replenishment, and no capacity constraints. The distribution stage reviews in detail the important factors for issues such as distribution network design, location/allocation decisions, and inventory decisions.
The problem of simultaneous analysis of different supply chain functions has attracted many researchers and has produced a considerable amount of literature in this area. However, there are some unexplored areas that need to be addressed in the field of integrated supply chain optimization. This research represents an attempt in this direction along with suggesting a path for extrapolation of future research efforts needed to develop an integrated approach. As noted, a majority of the models presented so far have been concentrated mostly on the integration of two supply chain functions: location-production and production-distribution. Hence, the aim here is to develop an integrated model which, along with optimal capacitated facility location, also includes the optimization of the production and distribution functions as well as inventory flow in the supply chain. A capacitated facility location function in a multi-product, multi-echelon production-distribution system with deterministic demands and linear transportation costs is considered here. The specific aim is thus to develop a quantitative model that represents an integrated capacitated-location/production/distribution (CLPD) problem. Analysis of each of these functions simultaneously in an integrated framework will help in better coordination of the supply chain.
-Supply chain integration model
In this research we consider a multi-product, multi-facility, and multi-customer location-productiondistribution system. The system contains a set of manufacturing facilities each with limited production capacities situated within a geographical area. Each of these facilities can produce any of the items in the company's line of products. The customer demands for the products are to be satisfied from this set of manufacturing facilities. There are fixed costs associated with each facility location which may include land costs, construction and fabrication costs, etc. We assume that customer allocation decisions for each manufacturing facility are based upon capacity related constraints. The production capacities of each of the facilities effectively represent their current plus potential capacities.
The input costs per unit for each facility represents the total cost of procuring all material needed for production of those items. This includes the purchasing costs as well as transportation costs for these inputs. Subsequently, the per unit manufacturing costs for production at each facility includes the setup costs, machining costs, assembly costs, and other related processing costs. The per unit input costs and per unit manufacturing costs for the same product may be different for each facility due to various factors such as location, proximity to the input sources, regional labor costs, transportation costs, taxes, government regulations, etc. These factors will therefore play a role in the selection of facilities (location) and to what extent each facility will satisfy the customer demand (allocation).
The customer locations and their distances from each of the facilities are also known. Hence, the transportation costs required to ship the products from the manufacturing facilities to the customers are also important for plant location and customer allocation. Furthermore, sometimes urgent orders need to be expedited which means transportation times are also an important metric in customer satisfaction.
The integrated model developed here is formulated as a mixed binary integer model which determines the strategic level location-allocation decisions. The model is an integration of the following functions:
• Capacitated location: This function deals with the capacitated location of the manufacturing facilities and the allocation of customer demands for these facilities. It considers the different constraints such as capacities, demands, and fixed and variable costs at each facility. This function helps in the optimal location of manufacturing facilities to satisfy customer requirements within the constraint framework.
• Production: The capacities of each of the manufacturing facilities and the customer demands act as the inputs to the production function which determines the production quantities of every item at each of the facilities.
• Distribution: The demand for each product from the customers and other parameters such as holding costs, fixed costs, and transportation costs determine the inventory control policies and the average inventory levels. This function receives inputs such as travel times, transportation costs, etc. to optimize the decisions as to the number of shipments, shipment schedules, and shipment sizes.
This research proposes a mixed binary integer programming (MBIP) approach for formulating the capacitated-location/production/distribution (CLPD) problem. The MBIP model is developed to represent the integrated problem and solved in the first phase using OPL® software which employs a Branch and Bound (BB) algorithm. The output from this model (and our unique contribution to the supply chain integration literature) is the optimal location of manufacturing facilities as well as the associated customer demand allocation to these facilities.
-Model development
As noted, the problem is modeled as a mixed binary integer programming formulation that seeks to optimize capacitated facility location and customer allocation decisions, and production quantities at these locations to satisfy customer demands. The model uses available data to optimize the decisions with respect to location, production, and customer demand allocation.
-Assumptions
The assumptions for our model are considered typical for a medium sized firm and are detailed below.
• Each manufacturing facility is able to produce all of the types of products. Admittedly, this assumption may require additional investment (transporting-resources-to or buying-resources-for a particular location).
• The selling price for a product may vary from customer to customer depending on the negotiations, order sizes, discounts, historical relationships, etc.
• Shipments of each product from each facility are in full truckload quantities and no truck carries mixed shipments. Less than truckload (LTL) shipment capability is left for future research and is documented as such in the conclusions section of this manuscript.
-Model formulation
The parameters and the decision variables used to formulate the model are shown in Table 1 below. 
A r jk , t jk , g jk  0 j,k
The model is formulated as a profit maximization problem. The objective function seeks to maximize the profit by subtracting total costs from the total revenues generated. Constraint (1) ensures that the total amount of products being manufactured at all plants for a particular customer is equal to the total demand of all products from that customer. Similarly, constraint (2) ensures that the total amount of a particular product being manufactured at all plants for all customers is equal to the total demand of that product from all customers. It is important to note here that the first two constraints are stated separately to show better accountability of the total demands from all customers and for all products respectively. Whereas the first two constraints consider the demands from all customers and for all products in terms of total quantities, constraint (3) considers the demand of each product from each customer individually. It thus ensures that the total amount of a specific product being manufactured for a particular customer at all plants is equal to the total demand of the product from that customer. Constraint (4) presents the capacity constraint. In other words, the total amount of a product being manufactured at a particular plant for all customers is less than or equal to the plant capacity for that particular product. Constraint (5) ensures that a plant is located if and only if there is a demand.
-Total revenues
The total revenues are obtained by multiplying the selling price of each product for each customer by its production quantity. As mentioned earlier the sales price for a product may vary from customer to customer. The following expression shows the total revenue function.
.2 -Total costs
The total costs required to satisfy demand for all products from all the customers is a combination of fixed costs, inputs costs, manufacturing costs, and transportation costs as is evident from the objective function. Each of these costs is explained in detail below.
-Fixed costs
Locating a facility at a site usually requires fixed costs such as land acquisition costs, facility construction costs, etc. For this model we assume that the locations of the manufacturing facilities locations will be selected from set of potential sites. These potential sites may or may not have an existing manufacturing facility at the site. Furthermore, if a facility exists at a potential site it may not have sufficient capacity to meet the demand requirements. For the first of these two cases, a new facility will need to be built from the ground up. For the latter, the existing facility may need expansion to meet the projected demands at that site. In this model, the costs related to these construction/expansion activities are considered to be fixed costs. It is assumed here that these fixed costs (F j ) for each potential site j are known beforehand based on the current capacity and projected demand. Hence, the fixed costs for a potential site will only incur if the facility is ultimately located there. The binary variable x j takes a value of one or zero, depending on whether the facility is located at site j or not. The fixed cost component of the objective function is shown below.
Fixed costs F j x j
-Input costs
In a mass production environment, usually multiple inputs are required to produce a single product. Each of these inputs may be obtained from multiple sources with varying prices. The purchasing function looks into the aspect of purchasing all the inputs at the best available price in the market. The model presented here considers that the input sources have already been selected and the prices are already known. Also, there may be transportation costs for procuring these inputs from the suppliers. These input costs (u jp ) for product p considered here include the purchasing costs (pc jp ) of all the inputs required for product p as well as the transportation costs (sc jp ) to procure them, as shown below.
Input costs u jp = pc jp + sc jp
Although the same inputs are required to produce a product at any plant, the costs required to obtain those inputs may vary for different plants depending on the location of the plant, its distance from the input sources, market rates in that area, etc.
-Manufacturing costs
After the inputs have been purchased and transported to the manufacturing facility, different manufacturing operations are carried out to transform the inputs into finished goods. The manufacturing costs in the model are shown below.
Manufacturing costs = m jp
As in the case of input costs, the manufacturing costs for the same product also may vary for different plants. This is because these costs depend on factors such as labor rates, overheads, etc. which may vary significantly for each plant.
-Transportation costs
In this model we assume that finished goods are transported from the manufacturing facility to the customer's warehouse or the customer's manufacturing facility for further use. Additionally, these products are transported in truckloads at regular intervals. There is a fixed cost (r jk ) for every shipment which is incurred per shipment. Depending on the plant-customer allocation pairs, the travel times (t jk ) may vary according to the distances. It is assumed that the travel time is linearly proportional to the distance between the plant and the customer. However, the transportation costs may or may not be exactly proportional to the travel times because the transportation costs per unit time per shipment (g jk ) may vary for each plant-customer pair depending on the route conditions, climate conditions, geographical factors, etc. The transportation cost component of the objective function is shown below.
Transportation costs per unit time shipment
= g jk For every product, e p represents the maximum number of units of product p that can be shipped on every shipment. This quantity may vary for each product depending on the size, weight, or other special handling requirements for each product. The total transportation cost is thus given by the addition of fixed costs and variable costs for every shipment. The quantity (Q jkp /e p ) represents a uniform benchmark to compare the transportation costs for each plant-customer pair for every product.
-Capacities and demands
Out of the existing set of potential sites for setting up a manufacturing facility, a majority is assumed to be sites already having an existing facility with a current capacity to produce a set of products, although some of them may be "green-field" locations with no existing facility at the site. The capacity of an existing facility, in turn, may not be sufficient to satisfy the customer demands which would entail expanding the capacities. The capacities for a plant refer to those for multiple products as each plant may contain several production lines for each of the products. Expansion of facilities, in some cases, would mean adding extra productions lines for products with high demands. Depending on various constraints, demand for a particular product from a single customer may be satisfied from multiple manufacturing facilities.
-Output
As stated earlier, the output of the model formulated above is the location of the manufacturing facilities and the allocation of customer demands to each of these facilities. In other words, the output is obtained in the form of values for the following decision variables:
1. x j : Plant locations 2. Q jkp : Production quantity of product p for customer k at plant j
The facilities are chosen from the given set of potential sites for which the capacities, fixed costs, input and manufacturing costs, and transportation costs are all known a priori. The customer demands are also assumed known. These customer demands are satisfied from the capacities of the located facilities. This model provides a general optimization of the CLPD problem on a broader scale thus representing higher level decisions in the decision hierarchy. It takes into consideration an overall account of the various constraints to suggest a solution that is optimal from a long-term perspective. The decision to locate a facility at a particular site has a strategic impact on the system thus influencing its performance over a greater time horizon.
The model has been tested using OPL Studio 3.7. Five example problems have been solved each with different configurations. A summary of the results obtained are shown in Table 2 below. The solution for the second example problem, 5L-2C-3P is shown below in Table 3 . The results indicate that plants 1, 2, 3, and 5 should be located to satisfy customer demands. The quantity of each product to be produced at each location for each of the two customers is detailed in Table 3 below. The solutions of the other three example problems in Table 2 were found in a similar manner. The fifth and largest problem tested, 100L-80C-60P, had more than eleven thousand constraints, almost one half million variables, and was solved to optimality in less than five minutes. This shows the robustness as well as the validity of the model for large-scale problems which could be faced in real-life applications requiring a quick but reliable solution.
The result for management is a robust solution technique, encompassing a broad set of input parameters, scaleable to a wide range of particular needs. Indeed, even with a very large problem (tens of thousands of constraints and millions of variables) solutions were deemed attainable in a reasonable (i.e., hours) amount of time.
-Conclusions and future research
The model presented here integrates the capacitated location, production, and distribution functions in a single quantitative model. It thus achieves the goal of simultaneous, instead of sequential, optimization of supply chain functions. Analysis of solutions for large sized problems using this model shows a reasonable performance on solution time. This research presents a model allowing decision makers to simultaneously optimize the location, customer allocations, and product allocation decisions within a multi-plant, supply chain system. This is an extension of existing literature and useful for academics and practitioners alike. Future research can be directed towards considering stochastic instead of deterministic demand. This will help in considering a more realistic picture in situations where there is a lot of uncertainty in the market. Another area of future research is to evaluate routing decisions within this quantitative model. This could be done along with consideration of TL as well as LTL quantities as compared to just TL quantities considered here. Inventory management is also an important SCM function which could be introduced in the formulation to present a more comprehensive solution for the integrated model.
